(1-5) and in meats purchased in restaurants (6,7).
1 To whom correspondence should be addressed PhIP is naturally formed in meats during the cooking Email: kulp2@llnl.gov process, at least in part due to a heat-dependent condensation Many studies suggest that mutagenic/carcinogenic chemof creatinine and phenylalanine, two natural components of icals in the diet, like 2-amino-1-methyl-6-phenylimidmuscle meats. The highest levels of PhIP can be found in azo[4,5-b]pyridine (PhIP), may play a role in human cancer grilled or fried meats. In very well-done flame-grilled chicken initiation. We have developed a method to quantify PhIP PhIP can be found at levels up to 400 ng/g (2). The human metabolites in human urine and have applied it to samples intake of PhIP varies with food type and cooking conditions from female volunteers who had eaten a meal of cooked and is estimated to range from nanograms to tens of micrograms chicken. For this analysis, urine samples (5 ml) were spiked per day, depending on individual dietary and cooking preferwith a deuterium-labeled internal standard, adsorbed to ences (8).
a macroporous polymeric column and then eluted with
The role of PhIP in cancer initiation has been well established methanol. After a solvent exchange to 0.01 M HCl, the in animals. PhIP has been shown to cause DNA strand breaks, urine extracts were passed through a filter, applied to a sister chromatid exchanges and form DNA adducts both in vitro benzenesulfonic acid column, washed with methanol/acid and in vivo (9-14). Short-term exposure to PhIP produces and eluted with ammonium acetate and concentrated on a mutations in the large and small intestine of mice (15,16). In C 18 column. The metabolites were eluted from the C 18 rats and mice dose-dependent tumor formation has been column and quantified by LC/MS/MS. In our studies of consistently demonstrated after PhIP administration and the human PhIP metabolism, eight volunteers were fed 200 g most common tumor sites appear to be colon, prostate and of cooked chicken containing a total of 27 µg PhIP. Urine breast (17) (18) (19) (20) (21) (22) . Other studies have confirmed the carcinosamples were collected for 24 h after the meal, in 6 h genicity of PhIP in rodent breast and prostate gland (23, 24) .
aliquots. Although no metabolites could be found in urine
In the CDF1 mouse PhIP induces lymphomas, while in the collected from volunteers before eating the chicken, four newborn B6C3F1 mouse model it induces adenocarcinomas major human PhIP metabolites, N 2 -OH-PhIP-N 2 -glucuronof the liver (25, 26) . PhIP exposure can also occur via breast ide, PhIP-N 2 -glucuronide, 4'-PhIP-sulfate and N 2 -OHmilk: DNA adducts were found in pups that received breast PhIP-N3-glucuronide, were found in the urine after the milk from PhIP-exposed lactating rats (27) and increased chicken meal. The volunteers in the study excreted 4-53% intestinal tumors were shown in multiple intestinal neoplasia of the ingested PhIP dose in the urine. The rate of metabolite (Min) mice exposed to PhIP via breast milk (28) . excretion varied among the subjects, however, in all of the In humans, less is known about the potential role of PhIP subjects the majority of the metabolites were excreted in and related heterocyclic amines in tumor development. Several the first 12 h. Very little metabolite was detected in the studies have shown that individuals who eat their meat well urine after 18 h. In humans, N 2 -OH-PhIP-N 2 glucuronide done have an elevated risk of cancers at various sites. Zheng is the most abundant urinary metabolite, followed by PhIPet al. showed a significant dose-response relation between N 2 -glucuronide. The variation seen in the total amount, doneness levels of meat and breast cancer risk, reporting that excretion time and metabolite ratios with our method women who preferred well-done hamburger, steak and bacon suggests that individual digestion, metabolism and/or other have a 4.62-fold greater risk of breast cancer than did women components of the diet may influence the absorption and who preferred meats cooked 'rare' or 'medium' (29) . Other amounts of metabolic products produced from PhIP.
studies showed increased risk of colorectal adenomas with increased well-done meat consumption (30, 31) . Lung cancer has also been related to the consumption of fried, well-done Introduction meat (32) . Other studies, however, have shown either negative Cooked muscle meats, major components of the Western diet, or equivocal associations with well-done meat and cancers of contain potent mutagens and rodent carcinogens belonging to the breast (33,34), colon or rectum (35) or prostate gland (1). the heterocyclic amine class of chemical compounds. Humans
In all of these studies PhIP and related heterocyclic amine are routinely exposed to varying amounts of these food-derived exposure levels are based upon answers to dietary questioncompounds and there is a concern that they may play a role naires. However, the formation of heterocyclic amines is variable and the levels of these compounds found in foods importantly, the difficulty in quantifying cooking doneness
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PhIP to the ultimate carcinogenic form (53) . Phase II metabolism has also been demonstrated in human colon cytosol (54). Little has been done to characterize PhIP metabolic pathways in humans, although pioneering work examined the relationship of urinary excretion of the unmetabolized parent compound and the dose received in well-done hamburgers (55, 56) . Other studies have demonstrated the presence of PhIP and PhIP conjugates in human urine, but in these studies the urine was first treated with acid to hydrolyze the Phase II metabolic conjugates to the parent amine. These investigations proved that PhIP is bioavailable in humans, but did not give information about specific metabolic pathways (57, 58) . Most recently, specific results about the identity of human PhIP metabolites were obtained in studies that investigated human PhIP metabolism following administration of 14 C-labeled PhIP to patients undergoing cancer surgery (59) (60) (61) . In these studies body fluids and tissues were examined using accelerator mass spectrometry to investigate human PhIP metabolic pathways.
We recently described human PhIP metabolism in cancer patients receiving a single dose of radiolabeled PhIP. These studies identified four major human PhIP metabolites: N 2 -OHPhIP-N 2 -glucuronide, PhIP-N 2 -glucuronide, PhIP-4Ј-sulfate and N 2 -OH-PhIP-N3-glucuronide (60) . In the present study we via questionnaire. As a result, dietary surveys give varying estimates of heterocyclic amine dose that may or may not describe a solid phase extraction LC/MS/MS method for quantifying these four metabolites in human urine, following reflect actual exposures.
PhIP must first be metabolized via Phase I and Phase II a meal of well-cooked chicken. We applied this method to characterize PhIP metabolism in eight healthy individuals enzymes to exert its mutagenic and carcinogenic effect. During Phase I metabolism PhIP is oxidized via cytochrome receiving a known dose of naturally produced PhIP. The methanolic extracts were concentrated under N 2 and subsequently analyzed by HPLC using a Waters Alliance HPLC system equipped with a 5 µm can be conjugated by sulfation and glucuronidation to polar 4.6ϫ220 mm TSK-Gel ODS-80 TM column (TosoHaas, Montgomeryville, compounds that are readily excreted (41,42). In addition, the PA). Metabolites were detected using a Waters 990 photodiode array detector. parent compound can be directly glucuronidated at the N 2 and
The N-OH-[ 2 H 5 -phenyl]PhIP was eluted at 1.0 ml/min using a gradient of N3 positions. These glucuronides are not reactive and this is 30% methanol, 0.1% triethylamine, pH 6, initially to 55% methanol, 0.1% triethylamine, pH 6, over 8 min. The methanol concentration was maintained believed to be a detoxification pathway (40, 43) . The structure at 55% from 8 to 20 min. After evaporation of the mobile phase, the yield of of these metabolites and probable pathways of formation are
shown in Figure 1 . active acetyltransferase enzymes that could activate N-hydroxy-The individuals participating were recruited from the local workforce, were all female, in good health, non-smokers and of normal weight.
Meat preparation and controlled dietary period
Boneless, skinless chicken breasts were cut into~2.5 cm pieces and fried in a non-stick coated pan, sprayed with a vegetable-based non-stick cooking spray, for 25-35 min. Pan temperature was recorded every 5 min, averaging 186°C for the cooking period. At the end of the cooking time the chicken was white with some browning. A representative chicken sample was removed for heterocyclic amine analysis using previously published methods (63). The first two study subjects were provided with 200 g chicken containing 105 p.p.b. PhIP along with other non-meat foods and beverages. The total PhIP dose was 21 µg. The remaining six subjects were given chicken containing 94 p.p.b. PhIP, for a total dose of 18.8 µg.
Subjects were asked to abstain from meat consumption for 24 h prior to eating the well-done chicken breast. There were no other dietary restrictions. Control urine was collected before eating the chicken and for 24 h after in 6 h increments. Samples were refrigerated until analysis. Repeated analysis of these samples over prolonged periods of time (Ͼ1 year) have shown no noticeable change in metabolite levels. Figure 3A) . The internal standard, N 2 -OH-[ 2 H 5 -The goal of this study was to develop a method that reliably quantifies PhIP metabolites and could be applied to large phenyl]PhIP-N 2 -glucuronide, elutes slightly before the nonlabeled natural product ( Figure 3B ). The PhIP-N 2 -glucuronide numbers of urine samples. The initial step of the method times and the peak areas averaged. Variation within a sample ranged from 20 to 30%. (mass 401) fragments to mass 225 and typically has the lowest Human PhIP metabolite quantitation signal-to-noise ratio ( Figure 3C ). The ion plot of mass 225
Control urine samples were collected before consuming the from 401 also frequently has peaks at retention times other well-done chicken, during the period that the volunteers than the PhIP-N 2 -glucuronide ( Figure 3C ). These additional abstained from eating cooked meat. No PhIP metabolite peaks peaks appear to be specific to individuals and in some cases were seen in the control samples from the eight individuals (data retention times correspond to PhIP-glucuronides present in not shown). Total urine excreted after chicken consumption was urine from animals dosed with PhIP. The PhIP-4Ј-sulfate collected for 24 h in 6 h increments. Values shown are corrected ( Figure 3D ) typically exhibits a sharp peak and good signalfor the total volume of urine. Figure 4 shows the percentage to-noise ratio.
of the total dose recovered in urine for the eight subjects.
Recovery and reproducibility
These varied 13-fold, despite the fact that all urine was collected and that each volunteer ate the same amount of chicken. Spiking human samples with animal urine containing high levels of metabolites allowed us to determine the recovery of Figure 5 shows the rate of excretion of the PhIP metabolites in time periods of 0-6, 6-12 and 12-24 h. Three of the the metabolites while optimizing the extraction process. This was necessary to ensure that each of the four metabolites was individuals (C-E) did not void during the 12-18 h period, thus the data for the 12-18 and 18-24 h periods were combined recovered at each step in the clean-up process. Recovery through the final method for each sample was quantified by for the other five subjects. In all of the subjects the majority of the metabolites were excreted in the first 12 h (62-85%). spiking each urine sample with a deuterium-labeled internal standard, N-OH-[ 2 H 5 ]PhIP-N 2 -glucuronide. Typical recoveries
The individuals showed variation in the time of metabolite excretion. Subjects B and H excreted most of the metabolite ranged from 37 to 40% (Table I) , although final metabolite amounts in each sample were adjusted based upon recovery in the 0-6 h time period (55 and 45% of total metabolites, respectively), whereas subjects C and D excreted the majority of the internal standard in that sample. Recovery of the internal standard is slightly better in water (45-52%), indicating that in the 6-12 h time period (73 and 69% of total metabolites, respectively). the complexity of the urine matrix either interferes with the efficiency of the solid phase extraction columns or lowers the
The total amounts of each of the four individual metabolites most common cancer sites in humans: the breast, colon and prostate gland. In addition, exposure to PhIP need not be ubiquitous, but can be determined and modified through intervention, making PhIP-induced tumor formation preventable. The metabolism of PhIP has been well characterized in animals, however, little is known about PhIP metabolism in humans. To take advantage of the opportunity to compare animals with humans and humans with each other and see the influence of diet on carcinogen absorption and metabolism, we developed a method for quantifying PhIP metabolites in human urine. This study reports the variation in PhIP metabolism between eight healthy human subjects.
Optimizing a solid phase extraction method was surprisingly difficult due to the polarity of the metabolites. The Oasis brand polymeric absorbant used proved superior to the various brands of C 8 and C 18 supports. Because of the wide range in polarity were still co-extracted impurities present in the final sample, even after our extensive clean-up. Our initial attempts at metabolite quantification showed good peak signals and metabolite recoveries, but very poor HPLC column life. Many experiments were done to produce even cleaner samples while maintaining good recoveries. The PhIP-4Ј-sulfate metabolite was especially problematical because it is more polar than the glucuronide metabolites and thus easily lost during purification. Finally, a satisfactory procedure was devised that gives an acceptable column life of at least 100 injections/column, meeting our goal of devising a method to quantify PhIP metabolites in large numbers of samples.
Well-done chicken is the best source of PhIP exposure because at high temperatures and long cooking times chicken breast preferentially forms more PhIP and less of the related heterocyclic amines as compared with beef. Formation of PhIP seems to be favored by the higher amounts of the amino acids phenylalanine, isoleucine, leucine and tyrosine and lower amounts of glucose that are present in chicken (64). Both the amounts of chicken consumed by our volunteers and the PhIP levels were comparable with consumption levels possible in households or restaurants (7). earlier study (60) the subjects were hospitalized elderly cancer patients who were given PhIP in a gelatin capsule. This route excreted during the 24 h collection period are shown in Figure  of administration resulted in recovery of 90% of the ingested 6. N 2 -OH-PhIP-N 2 -glucuronide is the most abundant urinary dose in the urine for two of the three subjects. Our study metabolite in all individuals. N 2 -PhIP-glucuronide is the second consisted of younger women on their normal diet, which was most abundant, but the ratio varies from almost equal amounts unrestricted except for refraining from meat consumption for of these two metabolites for volunteer B to 8-fold more the 24 h prior to dosing. It is probable that the PhIP, when N-OH-PhIP-N 2 -glucuronide in volunteer F. Together, the N 2 -formed in the meat matrix, is not as bioavailable as PhIP in OH-PhIP-N 2 -glucuronide and the PhIP-N 2 -glucuronide account capsule form. In addition, the presence of additional foods in for 92-98% of the total metabolite excreted. The PhIP-4Ј-the gastrointestinal tract may influence the absorption of PhIP. sulfate and N 2 -OH-PhIP-N3-glucuronide are present in lower
We are exploring possible interventions that may reduce PhIP amounts, but also vary among the individual women volunteers.
absorption, thereby reducing the biologically available dose. The kinetics of PhIP metabolite excretion in our study are Discussion similar to those seen previously for humans in a study that detected excretion of the parent compound (55) . It is also The opportunity to study a genotoxic dietary carcinogen at realistic levels in humans is rare. PhIP is of special interest in agreement with our previous study of the excretion of radiolabeled metabolites (60 OH-PhIP-N3-glucuronide metabolites. 
